Abstract To examine the role of germline genetic variations in inflammatory pathways as modifiers of time to recurrence (TTR) in patients with early stage breast cancer (BC), DNA from 997 early stage BC patients was genotyped for 53 tagging single nucleotide polymorphisms (SNPs) in 12 genes involved in inflammation. SNPs were analyzed separately for Caucasians versus African-Americans and Hispanics. Cox proportional hazards models were used to evaluate the association between SNPs in the inflammatory genes and TTR, adjusted for clinical and pathologic covariates. In univariable analyses of Caucasian women, the homozygous genotype of 12 SNPs, including 6 NFKB1 SNPs, 4 IL4 SNPs, and 2 IL13 SNPs, were significantly associated with a decrease in TTR compared with the heterozygous and/or corresponding homozygous genotype (P \ 0.05). The significant NFKB1 and IL4 SNPs were in an area of high linkage disequilibrium (D 0 [ 0.8). After adjusting for stage, age, and treatment, carriage of the homozygous genotypes for NFKB1 rs230532 and IL13rs1800925 were independently associated with a shorter TTR (P = 0.001 and P = 0.034, respectively). In African-American and Hispanic patients, expression of NFKB1 rs3774932, TNFrs1799964, and IL4rs3024543 SNPs were associated with a shorter TTR in univariable model. Only NFKB1 rs3774932 (P = 0.02) and IL4Rrs3024543 (P = 0.03) had independent prognostic value in the multivariable model These data support the existence of host genetic susceptibility as a component in recurrence risk mediated by pro-inflammatory and immune factors, and suggest the potential for drugs which modify immune responses and inflammatory genes to improve prognosis in early stage BC.
Introduction
Breast cancer (BC) remains the most frequent malignant neoplasm in North American women [1] . Although earlier diagnosis and new and improved treatments have changed the overall prognosis in women diagnosed with early stage BC, 30-40 % of women experience a recurrence of their cancer within 3-5 years of diagnosis.
The prognosis of early stage BC is influenced by a number of well-established factors, including tumor stage [2] , axillary lymph node status [3] , tumor grade [4] , and pathologic markers such as estrogen receptor (ER), progesterone receptor (PR), and HER2/neu oncoprotein expression [5, 6] . Hierarchical clustering of gene expression data from tumor samples of BC patients has identified specific genes that can be used to divide patients into prognostic subgroups on the basis of expression of the above markers [7, 8] . Furthermore, specific patterns of gene expression within subgroups that include inflammatory and immune response gene signatures can further stratify patients in terms of overall and disease-free survival, irrespective of the type of therapy [9] [10] [11] [12] . An inflammatory tumor environment can result in tumor promotion through enhanced proliferation and survival of malignant cells and the subversion of innate and adoptive immune responses (reviewed in [13] ).
Several investigators have attempted to correlate germline single nucleotide polymorphisms (SNPs) of inflammatory cytokine genes with BC risk, with mixed results [14, 15] . A recent large meta-analysis showed no correlation between the expression of a large number of cytokine SNPs and the risk of developing BC [16] , but only a few small studies have specifically examined whether SNPs in inflammatory genes are associated with BC prognosis (reviewed in [17] ). To address this gap in knowledge, we utilized a large cohort of early stage BC patients and examined the role of 53 tagging SNPs in 12 genes involved in the inflammatory pathway in predicting time to recurrence (TTR).
Materials and methods

Study population
Detailed clinical information, including patient age, disease stage, nuclear grade, ER and PR status, and primary treatment including surgery, radiation, chemotherapy, and/ or endocrine therapy, was retrospectively abstracted from the medical records of a cohort of 1,390 BC patients diagnosed between 1985 and 2002, who were enrolled in the Early Stage Breast Cancer Repository at the MD Anderson Cancer Center. [18] . Of these 1,390 patients, 1,089 had blood or normal lymph node samples available for genotyping. Fifty-nine patients were excluded from study analysis because of assay failure (n = 54), insufficient clinical information (n = 5), or lack of information on race (n = 33). The study analysis included 997 patients (739 Caucasians, 141 African-Americans, and 117 Hispanics). The study was approved by the Institutional Review Board of MD Anderson Cancer Center.
SNP selection and genotyping
We reviewed the existing literature and selected 53 SNPs from 12 genes associated with inflammation in BC (IL6,  IL8, TNF, IL4, IL4, IL4R, IL13, PTGS2 [COX2], TGFB1,  IL10, IL1B , and IL1RN). All selected SNPs were within genes or linkage disequilibrium (LD) blocks containing these genes and were identified using data from the HapMap Project (www.hapmap.org, version 23). All SNPs met the following criteria: minor allele frequency of C0.05, Illumina design score [0.4, and r 2 C 0.8 for binning. We genotyped samples using Illumina Golden Gate technology (San Diego, CA, USA) as part of a larger array of 1,514 SNPs in total. Genomic DNA was extracted from blood or buccal samples using the QIAamp DNA Blood Maxi kit (QIAGEN) and from paraffin-embedded (FFPE) nodal tissue using the PicoPure DNA extraction method (Applied Biosystems, Foster City, CA, USA). The call rates from the FFPE samples and blood or buccal samples were 92 and 99 %, respectively. Blinded duplicate samples were included in the array platform and the duplication concordance was 100 %. All genotyping clustering was performed using GenomeStudio data analysis software (Illumina).
Statistical analyses
We analyzed SNPs associated with TTR in Caucasian separately from African-American and Hispanic patients because of racial differences in the frequency of SNPs involving multiple genes. TTR was defined as the time between the date of first treatment and date of BC locoregional or distant metastatic recurrence. The relationship between each SNP and clinical variable and TTR was evaluated separately using a univariate Cox proportional hazards regression model. [19] . To build a Cox proportional hazards model with high-dimensional covariates, we applied the CoxBoost algorithm to the SNPs that had prognostic potential suggested by the univariable analyses (P B 0.05) and then used a backwards elimination procedure (a = 0.05) [20] . Interaction terms between significant SNPs from univariable analyses and hormone receptor status (ER? or PR? vs. ER-and PR-) were constructed to test for interaction among Caucasian patients. Interactions between SNPs and hormone receptor status were assessed using the likelihood-ratio test (P \ 0.05) comparing the model including an interaction term with the reduced model without the interaction term adjusted for age, stage, and treatment. Stratified multivariable analysis was performed where effect modification was observed. Linkage mapping was performed using Haploview version 4.2 [21] for the LD blocks, assuming 1 Mb = 1 cM, using the SNPs which had prognostic significance in the univariable model. All other analyses were conducted using SAS version 9.1 (SAS Institute, Cary, NC).
Results
Univariable analysis of clinical and pathologic variables and breast cancer recurrence
There were 182 recurrences with a median time to followup of 18 years. Table 1 lists the clinical and pathologic covariates associated with TTR in univariable analysis. Variables significantly associated with a prolonged TTR included clinical stage I disease, ER or PR positivity, patient age C50 years, and use of hormonal therapy alone.
Univariable analyses of SNPs associated with TTR in Caucasian women
In the univariable analysis of the 53 SNPs in 739 Caucasian patients, 6 SNPs of NFKB1, 4 SNPs of IL4, and 2 SNPs of IL13 were associated with significant differences in TTR (P \ 0.05). After multiple testing adjustments those 12 SNPs were significant at a false discovery rate (FDR) of 0.12 ( Table 2 ). As shown in Fig. 1 , there was significant LD between the NFKB1 SNPs (SNPs 1-6, Fig. 1 ). Similarly, the four IL4 SNPs (9-12, Fig. 1 ) were in a block of high LD, but LD was not demonstrated for IL13 SNPs rs1800925 and rs1295686.
Multivariable analyses of SNPs associated with TTR in Caucasian women
In multivariable analysis, SNPs NFKB1 rs230532 (IVS2-910G[A) and IL13 rs1800925 (-1069C[T), were independent predictors of a shorter TTR adjusted for age, stage, and treatment (Table 3 ). There was evidence of a significant interaction between SNPs NFKB1 rs3774932 (P interaction = 0.02) and rs230532 (P interaction = 0.01) and hormone receptor status. In a stratified multivariable model adjusted for age, stage, and treatment, carriers of the SNPs NFKB1 rs230532 (TT vs. AA?TT) and NFKB1 rs3774932 (AA vs. GG) genotypes had a shorter TTR only in the ER? or PR? subgroup (Table 4) .
Prognostic impact of SNPs in non-Caucasian women
To determine if the frequency and prognostic impact of inflammatory SNPs found in Caucasians were the same or different as those in non-Caucasian patients, we performed similar analyses using 53 SNPs in the 141 African-American and 117 Hispanic patients combined (Tables 5, 6 ). Univariable analysis revealed that carriage of the less frequent homozygous genotype of NFKB1 rs3774932, was associated with a significantly shorter TTR (P = 0.03) in these ethnic groups (Table 5) . A significant trend for shorter TTR was observed for two additional polymorphisms not found in Caucasians, TNF rs1799964 (P = 0.07) and IL4R rs3024543. (P = 0.09). Multivariable analysis including the three SNPs that were associated with TTR in the univariable model and adjusted for stage and hormonal therapy revealed that only SNPs NFKB1 rs3774932 (P = 0.02) and IL4R rs3024543 (P = 0.03) were independent predictors for shorter TTR (Table 6 ).
Discussion
To our knowledge, this retrospective study is one of the first to examine the prognostic impact of 53 germline polymorphisms from 12 inflammatory genes in a large well-characterized homogeneous cohort of patients with early stage BC. After adjusting for prognostic clinical parameters, NFKB1 rs230532 and IL13 rs1800925 SNPs were independent predictors of a shorter TTR in Caucasians, while NFKB1 rs3774932 and IL4R rs3024543 SNPs were predictive of a shorter TTR in African-Americans and Hispanics.
NFKB encodes nuclear factor kappa B (NFkB) a family of proteins consisting of five hetero-dimeric transcription factors [22, 23] which serve as a master regulators for a plethora of genes involved in inflammation, cell proliferation, apoptosis inhibition, bone remodeling angiogenesis, chemokine production, and metalloproteinase production NA not available, ER estrogen receptor, PR progesterone receptor, BMI body mass index, HR hazard ratio, CI confidence interval [24, 25] . Despite the abundance of information in regards to the function of NFkB in tumors, there are no published studies assessing the putative role of NFKB germline polymorphisms and prognosis in BC. A study by Kurt et al. [26] demonstrated that peripheral T lymphocytes from women with BC demonstrated an impaired ability to translocate NFkB p65 (Rel-A) following activation by anti-CD3 and Interleukin-2 (IL2). We were unable to evaluate the association between SNP expression and TTR by molecular subtypes (8) because patients in our BC cohort were treated between 1985 and 2000, prior to the routine assessment of HER2/ neu status. However, when stratified by ER and PR receptor status, Caucasian patients with ER? or PR? disease had a shorter TTR if they carried NFKB1 genotypes rs230532 and rs3774932. This is an interesting finding in view of the fact that inflammation in general has been shown to be associated with more aggressive ER?BC [27] .
Moreover, it has recently been demonstrated that NFkB activation can maintain immunosuppressive function of type 2 tumor-associated macrophages (TAM) [28] which have been found to comprise up to 50 % of breast tumor mass [29] . Although NFkB activation has been demonstrated more frequently in ER negative tumors [30] , recent evidence has demonstrated antagonistic cross-talk between the NFkB and ER pathways [31] . Additional evidence suggests that NFkB activation occurs in a subset of ER? tumors and cell lines with poor response to endocrine therapy and that incubation of an NFkB inhibitor with resistant lines could restore endocrine sensitivity [32, 33] Hence, our findings may have relevance with respect to predicting those ER? patients who are resistant to endocrine therapy.
As confirmed by this study, variations in allele frequencies and specific SNPs associated with inflammation have been observed for different races [34] . Erdei et al. [35] measured polymorphisms in cytokine genes along with secreted cytokines in New Mexican Hispanic women with BC compared to age-, gender-, and smoking-matched women without incident BC (controls) and found a higher frequency of SNPs rs2069705, rs2243248, and rs1800925 located in the promoter regions of the interferon gamma (IFNc), IL4 , and IL13 genes, respectively. The authors hypothesized that immune dysregulation might account for more aggressive tumors found in Hispanics compared to Whites.
IL13 and IL4 are members of the TH2 cytokine family along with IL10, IL6, and TGFb, and are involved in immune suppression, antibody production, and activation of other pro-inflammatory molecules [36] . IL4 and IL13 are crucial immune factors which signal through the IL4 receptor (IL4R). A recent large prospective study in patients with diffuse large B cell lymphoma demonstrated a favorable impact of the interleukin-4 receptor allelic variant I75 (rs1805010) on overall survival [37] . Preclinical studies in mice have shown that CD4-positive T cells infiltrating breast tumors secrete high levels of IL13, which promotes tumor growth through immune suppression by dendritic cells, an effect that could be prevented by administration of IL13 antagonists [38] .
There was close linkage between all of the significant NFKB1 and IL4 SNPs in Caucasians. Most of these SNPs were intronic, except for IL4 SNP rs2070874 which was located near the 5 0 UTR. Hence the latter SNP is more likely to influence transcription, whereas the mechanisms of the intronic SNP are less clear. It is more likely that either SNP could be in LD with another functional SNP in the NFKB1or IL4 gene region or that one or more of the SNPs could be in some other regulatory region of the gene. Preclinical studies suggest that the presence of SNPs in the regulatory or coding regions of cytokine genes can result in HR hazard ratio, CI confidence interval, reference SNP to which others were compared a Most frequent homozygous allele functional alterations in the transcriptional regulation of these genes or the proteins they encode [39] . Dominant homozygous polymorphisms within the promoter regions of their respective genes induce higher circulating levels of cytokines and other growth factors, resulting in increased oncogenesis and inflammation resulting in immune suppression [40] . In univariable analysis, there was a significant trend (P = 0.07) for carriage of TNF SNP rs1799964 and a shorter TTR in African-American and Hispanic patients. This SNP was not an independent predictor of prognosis when stratified for other clinical covariates in the multivariable model. The product of the TNF gene, TNFa, is a pro-inflammatory cytokine induced under hypoxic conditions [41] . Chronic production of TNFa in benign and malignant BC tissues is associated with a poor outcome [42] . Previous investigators have demonstrated that carriage of several TNF SNPs significantly correlated with shorter disease-free survival and overall survival [43, 44] . In one study, The TNF type II homozygous genotype correlated with higher levels of TNFa in serum and a worse prognosis than the TNF type I genotype [44] . Whether the SNP rs1799964 identified in our study is associated with increased serum levels of TNFa is currently unknown and needs further study. A significant weakness of our study was that serum cytokine levels were not measured, making it difficult to associate specific cytokine SNPs with immune function. In a case control study, 13 cytokines were measured in 40 New Mexican Hispanic breast cancer patients compared to 40 controls (34) . Of the 13 cytokines observed, only 5: IL1b, IL-5, TNFa, IL6, and IL2 showed elevated levels in BC patients compared to controls. A significant problem with cytokine measurements in association with disease states is that levels can vary significantly based on the response to chemotherapy [45] , and other factors associated with inflammation. Additional large studies which assess SNP expression with cytokine function in different ethnic groups with early stage BC are needed.
Another possible weakness is that the low recurrence rate along with stratification by race and other variables may have resulted in our study being underpowered. Larger cohort studies that allow for the evaluation of breast cancer molecular subtypes and interactions between polymorphisms and other clinical and environmental factors are needed to validate and extend our findings. Despite these limitations, our data, as well as data from several smaller studies has demonstrated that the presence of specific polymorphisms of genes for molecules and cytokines involved in inflammation and tumor immunity may have prognostic value in BC patients. These findings could have important implications for the use of blocking antibodies and other molecules that target the protein products generated through over expression of the significant gene polymorphisms involved [46] in an attempt to improve the disease-free survival of patients with early stage BC. 
